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Introduction
Extensive research is underway to develop microfluidic systems that can separate, purify, analyze, and deliver species such as biomolecules [1] [2] [3] . Applications for such systems include controlled drug delivery, proteomics, and the detection and analysis of chemical and biological hazards. The ability to perform chemical and biological analyses on a microchip requires understanding how to transport, separate, and detect species in nanoliter quantities of liquid confined in channels having dimensions of microns. At such small length scales, surface effects play a dominant role. For example, although it is difficult to force liquids through microchannels using pressure, it has been demonstrated that fluids can be transported at cm/sec velocities by manipulating interfacial energies to control whether channel walls attract or repel water [4] . Active control of interfacial energies and exposed chemical functionality could also be used to control selective adsorption for advanced separations and sensors.
Most surfaces currently used in microfluidic systems are passive, having no intrinsic ability to modulate their interactions with fluids or dissolved species such as proteins. Interfacial interactions are often manipulated using self-assembled monolayers (SAMS) [5] [6] [7] . Surfaces can be made hydrophobic (or water repellant) by attaching layers to surfaces that are terminated with simple hydrocarbons such as alkane chains. If the alkane chains are terminated with different functional groups, such as hydroxyl groups or carboxylic acids, a hydrophilic (or wettable) surface results. Surface modifications can also control whether surfaces interact with solution species. For example, globular proteins tend to adsorb on hydrocarbon-terminated SAMS [6] , while polyethylene oxide (PEO) termination results in an anti-fouling surface [5] . While passive SAMS represent a powerful tool for surface modifications, our interest is in the development of active coatings that can be used to switch surface chemistry in response to "on-chip" stimuli such as heat, light, or an applied voltage. The work described in this report represents the first such system that we have successfully synthesized, characterized, and deployed in a microfluidic system.
The active material forming the basis for our switchable surface is the polymer poly (N-isopropylacrylamide) or PNIPAM [8] [9] [10] [11] [12] . In water, this polymer undergoes a phase transition at a lower critical solution temperature of [30] [31] [32] [33] [34] [35] o C. Below the phase transition temperature (at room temperature), the polymer swells in water. Light scattering studies conducted on polymer chains dissolved in water [11] (or tethered to latex particles [12] ) suggest that the swollen polymer occupies over ten times the volume of the dry polymer, with a water content of 90 wt% (50 water molecules per NIPAM monomer). Above the phase transition, the polymer collapses to a state having a much lower volume (around 1.5 times that of dry polymer) and water content (25 wt% or 2 water molecules per PNIPAM monomer). The net volume change in water is around a factor of 8-10 (or 2-3 in any given direction). The swollen polymer is hydrophilic. Above the transition temperature, the polymer surface becomes more hydrophobic. For bulk gels, the contact angle for water can increase from 40 o to as high as 90 o in going from the swollen to the collapsed state [10] . Since a change in contact angle of only [5] [6] [7] [8] [9] [10] o is sufficient to pump liquids through microchannels [4] , PNIPAM was selected for study as a potential surface modification to promote thermally-programmable active transport in microfluidic systems. In addition, extensive research on bio-fouling has shown that water-soluble proteins tend to be repelled by hydrophilic surfaces, while such proteins stick to hydrophobic surfaces [13] . Consistent with this trend, it has been demonstrated that PNIPAM-functionalized particles and bulk hydrogels interact more strongly with proteins above the LCST than below it [14, 15] . Tethered PNIPAM could potentially activate a surface to grab or release proteins depending on whether the temperature is above or below the transition temperature.
The ability to develop switchable films based on PNIPAM requires that we develop an in-depth understanding of polymeric phase transitions at interfaces. While film functions will be discussed, the major focus of this report is on the materials science issues associated with switchable polymer films. Facets of the materials research to be reported here include: 1) Synthesis of Switchable Films -The phase transition in PNIPAM could be sensitive to parameters such as molecular weight, grafting density, and crosslinking. A range of surface functionalization routes have been developed to vary some of these parameters to determine how material architectures influence film performance characteristics. 2) Characterization of Phase Transitions in Tethered FilmsOnce films are produced, we need to determine whether the tethered polymer is undergoing the desired phase transition and whether this transition induces desired changes in surface chemistry. Techniques used to characterize the tethered films include ellipsometry, surface plasmon resonance experiments, infrared spectroscopy, contact angle measurements, interfacial force microscopy, and neutron reflectivity. 3) Modeling of Polymer Phase Transitions -Monte Carlo and molecular dynamics simulations have been performed on both dissolved and tethered polymers to understand what factors control the phase transition and to rationalize some of the experimental results. 4) Switching of Surface Chemistry Using PNIPAM -The wetting and protein adsorption behavior of tethered PNIPAM films have been investigated as a function of temperature. Films have been integrated into a micro-hotplate device and incorporated into a microfluidic system. Experiments show that the integrated device can function as a reversible protein trap in microfluidic systems. Below, each facet of the research is described in greater detail.
Synthesis of Switchable Films
PNIPAM films must meet a stringent set of requirements for applications in microfluidic systems. For all applications, we must insure that the tethered polymer is in a configuration that supports a reversible thermally-activated phase transition. The films must also be robust and strongly attached to the surface. However, surface interactions must not be so strong that they inhibit the desired transition. For applications involving the grabbing and release of proteins, the films must have an architecture that allows for rapid and reversible adsorption and desorption kinetics. In bulk gels, protein adsorption tends to be irreversible [8] , reflecting steric entrapment of the proteins within a tortuous, high molecular weight network. Due to uncertainties in desired grafting densities, molecular weights, and surface tethering strategies, we investigated a range of different methods for synthesizing thin PNIPAM films.
The simplest method for attaching PNIPAM surface involves grafting prepolymerized chains to a surface that has been functionalized with a self-assembled monolayer [16] . In this investigation, we prepared mixed self-assembled monolayers (SAMS) containing a range of relative concentrations of methyl and hydroxyl end groups. Carboxylic acid terminated PNIPAM molecules with molecular weights ranging from 10,000 to 220,000 were then grafted onto the surface hydroxyl groups to form covalent ester linkages. Unfortunately, ellipsometry and neutron reflectivity measurements showed that this grafting method is relatively inefficient, resulting in grafting densities that appear to be too low for meaningful characterization or for practical applications. For grafted chains having molecular weights from 10,000 to 33,000 and -OH fractions in the underlying SAM (available for grafting) ranging from 5% to 80%, no detectable differences in neutron reflectivity data were observed for temperatures ranging from 20 o C to 55 o C. PNIPAM was barely detected above the SAM background. This means that grafting densities were low and/or that the PNIPAM was swollen to such an extent that it was not detected. The only grafted films that were detectable had a molecular weight of 200,000, and were more likely physisorbed than grafted (see Neutron Reflection Data below).
A more sophisticated method for preparing PNIPAM films involved the in-situ synthesis of PNIPAM on substrates using free radical polymerization of nisopropylacrylamide (NIPAM) [17, 18] . In this route, an azo-initiator that can be activated to produce free radicals was used as the reactive end group on a self-assembled monolayer. The monolayers were tethered to oxide-terminated surfaces using silane coupling agents. On gold surfaces, the azo-initiator was attached to carboxylic acid groups in mixed SAMS with various concentrations of -COOH in a methyl-terminated background. Exposure of the tethered initiator to heat or light promoted cleavage of the azo linkage to create free radicals at the surface. When in contact with a solution containing NIPAM monomer, a surface-initiated free radical chain reaction took place. Films produced by the method (for the case of silane tethered material) were characterized using a combination of ellipsometry, light scattering, infrared spectroscopy, and the interfacial force microscope. Typical films were found to have high single chain molecular weights (around 10 7 as determined by light scattering measurements on detached chains) and low grafting densities (on the order of 4 x 10 10 chains/cm 2 based on ellipsometric film thickness and known molecular weight), yielding chain-chain separations of around 50 nm. Low grafting densities are produced because radicals within the monolayer tend to react with neighboring initiators before they have a chance to react with NIPAM in solution.
In order to produce films with a high graft density, we developed an alternate insitu polymerization scheme based on the use of a chain-transfer reaction on SAM chains terminated with thiol groups [19] . Here, free radicals are produced in solution using thermal activation of initiators such as azobis(isobutyronitrile) or AIBN) and are transferred to the tethered thiols. In contrast to the conventional polymerization process, where chain transfer between surface bound initiators yields a radical and a dead initiator, chain transfer between thiol groups exchanges a radical for a hydrogen atom, yielding a radical and a regenerated thiol. High concentrations of surface radicals can therefore be maintained, allowing for higher grafting densities. With tethered thiols, we can produce films with grafting densities ranging from 10 11 -10 13 chains/cm 2 (chains are separated by 2-6 nm) with molecular weights ranging from 10 4 -10 5 . As will be shown below, this high density "polymer brush" configuration is critical for reversible protein traps.
A final synthesis method investigated involved the use of atom transfer radical polymerization (ATRP) from mixed SAM surfaces [20] . This method is a living polymerization process involving a metal complex that supports the existence of free radicals on the end of the growing polymer. The living polymerization method is reported to form polymers with a much narrower polydispersity than can be achieved by other in-situ polymerization methods. Because it is a living polymerization, we can control the polymer film thickness by varying the polymerization time. As with other insitu methods, the polymer surface coverage can be controlled by varying the composition of the mixed SAM. Although ATRP films have been produced, such films have yet to be characterized. Below, we describe films produced via the other methods, which are denoted as grafted polymers, azo-initated polymers, and "polymer brushes" (for the chain-transfer films).
Characterization of Phase Transitions in Tethered Films
Ellipsometry Results
For bulk gels, the phase transition in PNIPAM can be monitored by detecting the volume change that accompanies the thermally-induced swelling or deswelling of the material. While detecting the order of magnitude shrinkage in bulk PNIPAM gels (a factor of two in any given direction) is easy, detecting volume changes for a thin (4-8 nm thick) PNIPAM film under water is much more difficult. The "standard" method for measuring film thickness is ellipsometry. In ellipsometry, a plane-polarized light beam is reflected off of a PNIPAM-coated substrate. By measuring the reflection coefficients of the s-and p-polarization components of the reflected beam (which is elliptically polarized), the optical thickness (a convolution of actual thickness and index of refraction) is obtained. If the index of refraction is known, the film thickness can be determined. Assuming that n = 1.45 for bulk PNIPAM, we have been able to determine film thicknesses for materials prepared using all of the synthesis techniques described above. Optical thicknesses vary from sample to sample, but typically fall within the range of 4-8 nm. However, it is important to note that the optical thickness is calculated assuming that the PNIPAM films are fully dense. As this assumption is rarely valid, the ellipsometer really provides an estimate of the total mass deposited on the surface. When the grafting density is low, actual film thickness can be much greater than the optical thicknesses indicated by ellipsometry (see below).
While ellipsometry measurement in air can be used to measure films that are only a few nanometers thick, it has been difficult to make in-situ measurements of film thickness under water. This is because the refractive indices of water (n = 1.33) and PNIPAM (n = 1.45) are similar. To try to observe the lower critical solution temperature for PNIPAM using our ellipsometry equipment, we were forced to perform ex-situ ellipsometry measurements. Samples were immersed in water at various temperatures, removed from solution, quickly blown dry, and placed in the ellipsometer. Using this technique, we found that a typical "polymer brush" film had an effective thickness of 7.5 nm in its swollen state at room temperature. The same film had an effective thickness of 3.5 nm at 50 o C, indicating that the tethered PNIPAM film undergoes the expected factor of two change in volume on either side of the phase transition. However, it is hard to blow-dry samples in such as way as to ensure that all surface water is eliminated without removing water entrapped in the underlying PNIPAM gel. For this reason, all other methods we have used to follow the phase transition have involved in-situ techniques.
Surface Plasmon Resonance Experiments
Surface plasmon resonance (SPR) techniques [21] were used to monitor the phase transition in PNIPAM under water. In SPR, a light beam impinges on the "dry" side of a thin gold layer that is functionalized on the "solution" side with PNIPAM. Most of the light is reflected. However, a small part of the light propagates along the interface between the metal and any dielectrics on the surface as a surface plasmon. The surface plasmon is an evanescent wave that decays exponentially into the dielectric. The fraction of light in the surface plasmon depends on the angle of incidence and the effective optical thickness of the dielectric medium. In the SPR experiment, we monitor the angle of incidence and look for the minimum in the reflected light intensity corresponding to the resonant condition required to produce the surface plasmon. The resonant angle is related to the dielectric constant of the region probed by the evanescent wave. For the PNIPAM films studied here, the effective dielectric constant depends on the dielectric constants of the PNIPAM, the water, and the distribution of the two materials as a function of distance from the interface.
Changes in the SPR resonance angle as a function of temperature are shown in Fig. 1 [22] . The pronounced increase in resonance angle with temperature is consistent with the collapse of a PNIPAM film as it goes through the transition. PNIPAM has a higher dielectric constant than water. Collapse of the film would move the PNIPAM closer to the surface, increasing the amount of higher dielectric constant material close to the interface (in a region where the evanescent wave is more intense), and increasing the resonant angle. To date, we have not been able to quantitatively model the SPR data, as such an analysis requires input regarding the effective dielectric constant as a function of PNIPAM concentration, and simplifying assumptions involving how the PNIPAM is distributed relative to position within the evanescent wave. However, qualitatively the results are consistent with the collapse of a PNIPAM film that is on the order of 100 nm thick in room temperature water. The temperature dependence of the results indicates that while the transition is complete at 32 o C (near the expected transition temperature), significant volume changes occur at temperatures well below the transition temperature. (Similar volume changes are apparent in light scattering experiments for single chains [11] .) The SPR data indicate that a phase transition does occur in tethered films, but that the transition is not as sharp as the 5-10 o C reported for bulk gels.
Infrared Results
Infrared (IR) spectroscopy can be used to detect the vibrations of chemical bonds within thin PNIPAM films. In simple reflectance or transmission modes, IR spectra can be used to identify the chemical nature of the films and to detect the total quantity of material deposited. To monitor the swelling transition, we have used attenuated total reflectance IR (ATR-IR). In ATR-IR, the PNIPAM film is grown on a Si prism. The IR beam enters the prism and is reflected between prism surfaces multiple times. When the beam encounters the solution side of the interface, the IR beam penetrates the solution with an evanescent wave that exponentially decays with distance from the interface (analogous to the evanescent wave in the SPR technique described above). Although water is an extremely good adsorber of IR radiation, precluding most in-situ IR measurements, in-situ experiments can be performed with ATR because the IR beam interacts with less than a micron-thick layer of water near the surface (the calculated penetration depth into the water is 200 nm for 3600 cm -1 light). In contrast to SPR, the intensity of bands associated with PNIPAM vibrations depends only on how much PNIPAM is present as a function of distance from the solution interface. If the PNIPAM film collapses, more PNIPAM is closer to the surface, increasing the intensity of all PNIPAM bands.
ATR-FTIR spectra of high molecular weight PNIPAM films produced via the standard tethered azo initiator are shown in Fig. 2 . As expected, the intensities of all PNIPAM bands increase with temperature as the transition temperature is approached, reaching constant values at high temperature. The transition temperature inferred for this film (35 o C) is slightly higher than that inferred from the gold-tethered film examined in the SPR experiments. If one assumes that the tethered film collapses by a factor of around three above the transition temperature (consistent with the change in hydrodynamic radius (R h )) measured for single chains in solution [11] ), the observed changes in IR band intensities are consistent with a PNIPAM film that extends around 360 nm from the surface and collapses to around 120 nm.
Similar experiments were conducted on the "polymer brush" films produced via the chain-transfer synthesis route. No phase transition was apparent in the ATR results for this film (the IR intensities did not change appreciably with temperature). We believe that no transition was observed for the brush film because the film was much thinner than the azo-initiated films. For thin films, the swelling transition should not move the PNIPAM a sufficient distance relative to the decaying evanescent wave to cause appreciable intensity changes. However, an alternate explanation is that the tighter packing of chains in the "brush" film is inhibiting the transition. To distinguish between these two possibilities, we probed the thickness of a range of PNIPAM films both below and above the phase transition using the interfacial force microscope.
Interfacial Force Microscopy
The swelling, collapse, and adhesive qualities of tethered PNIPAM films have been monitored as a function of temperature using an interfacial force microscope (IFM). The IFM is a scanning probe system developed by Jack Houston at Sandia National Laboratories to monitor the interactions between functionalized probe tips and substrate surfaces as a function of separation distance with a distance resolution of a few angstroms [23] . The IFM provides force profiles that are similar to those reported for PNIPAM films using the atomic force microscope (AFM) [16] and the surface forces apparatus (SFA) [24] . In experiments reported here, Si or fused silica substrates were functionalized with tethered PNIPAM films. The scanning probe tip was a fused silica rod drawn down and fire polished to produce a tip with a radius that is typically 1-5 mm. Experiments were conducted with bare tips (covered with surface -OH groups), or with tips coated with octadecyltrichlorosilane (-CH 3 terminated). By moving the IFM tip in a direction normal to the surface, forces experienced between the tip and the substrate were measured as a function of separation distance. As the tip approached the surface in water, the sequence of events observed for typical tip-substrate interactions was from no interaction at large distances, to detection of through-liquid forces (such as electrical double layer interactions and hydration forces), to measurements of the forces required to deform materials on the tip and substrate as the tip and substrate come into direct contact. The tip position was measured relative to a "zero separation distance" point at which the measured forces are dominated by the mechanical deformation of the Si substrate and the fused silica tip. The IFM tip was also dithered parallel to the substrate to measure frictional forces.
The IFM was used to examine both "polymer brush" films and high molecular weight films produced via azo-initiators. Experiments were performed as a function of temperature (both increasing and decreasing) in deionized water. General features of the resulting force profiles are shown in Fig. 3 . At room temperature, a long range repulsive force was detected as the tip approached the "polymer brush" film at a distance of around 100 nm. The repulsion was similar regardless of tip functionalization, indicating that it was not due to the presence of an electrical double layer. The repulsion did not depend on tip speed, indicating that it was not a repulsive hydration force arising from the presence of an ordered water layer near the surface. On the azo-initiated PNIPAM film with a molecular weight of 10 7 , the repulsion was detected at a distance of 320 nm, which corresponds almost exactly with the hydrodynamic radius of single PNIPAM chains at room temperature [11] . We believe that the observed repulsion is due to physical contact between the tip and hydrated PNIPAM chains on the substrate and subsequent deformation of the PNIPAM film by the tip. As the temperature was increased, there was no apparent change in this repulsion until the temperature reached between 25-28.5 o C. At this point, there was an abrupt change in the repulsion, which collapsed toward the surface by about a factor of two and became stronger (as evidenced by a steeper slope). However, after the abrupt change, the repulsion stayed roughly constant up to at least 50 o C. We believe that the collapse of the repulsive force reflects the collapse of the PNIPAM film.
As the tip is retracted from the surface above the transition temperature, the PNIPAM film is attracted to the tip (the measured force drops below zero), indicating that the PNIPAM is undergoing adhesive interactions with materials it comes into contact with. However, these adhesive interactions disappear below the transition temperature, and the PNIPAM surface repels all functionalized tips on retraction as well as on approach. All of these finding are consistent with force profiles obtained elsewhere on PNIPAM films using an atomic force microscope [16] and a surfaces forces apparatus [24] . The IFM experiments suggest that materials such as dissolved proteins should be repelled by PNIPAM surfaces in water below the transition temperature, but can stick to the PNIPAM above the transition. The IFM force profiles not only indicate that "polymer brush" films undergo a sharp phase transition, but that the transition might be useful for applications such as a reversible protein trap.
Neutron Reflection
A final technique investigated for observing the phase transition in thin PNIPAM films was neutron reflection. Neutron reflectivity (NR) is a technique that can provide density profiles for thin polymer films in the presence of deuterated solvents [25] . The solvents investigated in the NR experiments were D 2 O and d-acetone. Acetone is of interest because experimental cloud point data (Fig. 4) show that PNIPAM exhibits an upper critical solution temperature (UCST) in acetone. In contrast to its behavior in water, PNIPAM films should be insoluble and collapsed below the phase transition temperature in acetone, and swollen (or soluble) above the transition temperature. However, since the transition temperature in acetone is well below room temperature, PNIPAM should be highly swollen in acetone at room temperature just as it is in ambient water.
NR was able to detect the presence of PNIPAM for both the highest molecular weight (220,000) grafted samples as well as for "polymer brush" films (Fig. 5,6 ) [26] . In acetone (at 20 o C), both films exhibited a smoothly decaying single profile. The apparent volume fractions occupied by PNIPAM at the immediate surface were 0.28 and 0.39 for the grafted and polymer brush films, respectively. The effective thicknesses for the PNIPAM films (position where the density drops to half of its value at the immediate surface) were 10 nm and 7.5 nm for the grafted and polymer brush films, respectively. For the polymer brush film, the NR thickness determined in acetone is an order of magnitude less than the thickness inferred from the IFM results described above. The NR data suggest that although PNIPAM films swell in acetone, the extent of swelling is less than that reported for PNIPAM in cold water (swollen volume/dry volume = 2.6 and 1.5 for the grafted and brush films, respectively, compared to 10 for PNIPAM dissolved in water). The limited swelling may reflect the fact that attachment to the surface is inhibiting the ability of PNIPAM to expand, particularly at the high chain densities expected for the polymer brush film. The swelling may also be influenced by attractive interactions between the polymer segments and the surface, particularly for the grafted chains. Model fits to the NR density profiles for PNIPAM in acetone suggest that such surface interactions are significant (see Modeling of Polymer Phase Transitions).
Although NR data have been obtained in water both below and above the transition temperature (at 20 o C and 55 o C), the density profiles inferred from the NR data are not consistent with any experimental or modeling results obtained on this project or reported in the literature (including the NR results in acetone). In water, bilayer profiles were required to fit the NR data for both film types. The NR results suggest that there is a thin layer of high PNIPAM concentration next to the immediate surface. Above this layer is a second layer of much lower concentration that extends well into the water. Although each layer exhibits reversible changes with temperature, the changes are minor. Neither layer exhibits density changes that are consistent with a robust phase transition. The NR data suggest that for both grafted and polymer brush films, a relatively dense layer of PNIPAM exists at the immediate surface that does not swell in water at any temperature. While polymerization from the surface in the "polymer brush" film could generate chain densities near the surface that would be sufficient to inhibit swelling, it is unclear why this dense layer should be seen in room temperature water but not in room temperature acetone. (Perhaps chain segments are strongly physisorbed to the surface in water but not in acetone.) The presence of a diffuse outer layer of PNIPAM could account for the discrepancy in apparent film thickness between the NR and IFM results.
For the "polymer brush" film, the expected polydispersity in the tethered film could allow for the presence of a less densely-packed outer layer whose swelling and collapse is apparent in the IFM data. However, it is unclear why there is no NR evidence for a robust phase transition in this outer layer unless the volume fraction in the outer zone is simply too low to generate meaningful NR results.
Modeling of Polymer Phase Transitions
While the experiments described above indicate that tethered PNIPAM exhibits a lower critical solution temperature similar to that observed in bulk solutions, the various techniques yield different results regarding details such as the transition temperature, the sharpness of the transition, and the volume fraction occupied by PNIPAM in the swollen and collapsed phases. To develop further insight regarding the nature of polymer swelling transitions, we have developed computational models that allow us to study the phase behavior of bulk polymers as well as tethered chains immersed in a solvent.
The first phase of the modeling effort involved simulating the behavior of simple polymers immersed in a simple solvent [27] . In the model, the polymer was represented by "strings of pearls" consisting of identical spherical units. The solvent was represented using isolated spheres having the same diameter as the "monomers" in the polymer chain. All sites were allowed to interact with each other via repulsive Lennard-Jones interactions within a self-consistent polymer reference interaction site model, or PRISM, theory. PRISM is a liquid state theory in which generalized Ornstein-Zernike integral equations are solved numerically in a self-consistent manner to obtain the chain intermolecular structure and intermolecular radial distribution functions. Wth PRISM, we were able to explicitly include discrete solvent molecules. By using the random phase approximation together with direct correlation functions (the output of PRISM theory), we were able to estimate the phase diagram for a given polymer solution.
To date, PRISM theory has been used to estimate the spinodal curves for "normal" polymers in "normal" solvents (representative of PNIPAM in acetone). For the case where solvent-polymer interactions (e sp ) are much less attractive than polymerpolymer (e pp ) and solvent-solvent interactions (e ss ) (e ss = e pp in the calculations), polymersolvent mixtures exhibit an upper critical solution temperature (UCST) as predicted by Flory-Huggins theory. The polymer and solvent are immiscible at low temperature, with swelling or dissolution occurring above the spinodal decomposition temperature. The transition temperature T s increases with the strength of polymer-polymer attraction and with the molecular weight of the polymer (both of which make the polymer less soluble). T s goes through a maximum as the mole fraction of polymer is increased, with the maximum moving to lower polymer mole fractions as the molecular weight increases. All of the above phenomena are in qualitative agreement with Flory-Huggins theory. However, PRISM calculations suggest that similar behavior should be observed even when polymer-solvent interactions become significant. Fig. 7 shows the phase diagram calculated for the case where e = e sp = e ss = e pp . Here, Flory-Huggins theory would predict that such a mixture would be completely miscible. The fact that UCST behavior is still observed is driven by nonrandom mixing and compressibility effects that are included in PRISM, but are neglected in Flory Huggins theory (which treats the solvent as a continuum rather than as discrete molecules).
Tethered polymer brushes were modeled with self-consistent field (SCF) theory [28] . Here we simplified the problem of many tethered polymer chains surrounded by solvent molecules to a problem of a single polymer that interacts with the surface through a potential field that must be solved for in a self-consistent manner with site volume fraction profiles. Our approach for modeling the phase behavior of the tethered brushes was to determine the temperature-dependent c interaction parameter with Flory-Huggins theory. The c parameter was extracted from experimental cloud point curves for polymer solutions of interest (Fig. 4) . With SCF theory, we were able to generate polymer site density profiles that could be compared directly to the experimental neutron reflection data (Fig. 8) . In the calculated plot, the only parameter that was adjusted was the interaction parameter between the polymer sites and the surface. The experimental and calculated curves are in agreement except for a pronounced feature at low wave vector (q = 0.02 A -1 ). This feature disappears when one accounts for the polydispersity of the grafted chains. Density profiles predicted by SCF theory are also in good agreement with the profiles extracted from NR data. The SCF results indicate that it should now be possible to model phase transitions for tethered polymers as the interactions between critical components (the polymer, solvent, and surface) are varied, aiding in the development of responsive films.
Switching of Surface Chemistry Using PNIPAM
Although the volume change associated with the phase transition in PNIPAM could be of use for physical actuation of valve in microfluidic devices, the fluidic applications of interest in this proposal rely on the use of the phase transition to modify the chemistry of the surface. Below, we describe experiments that have been conducted to determine how the transition can be used to modify interfacial energies and interactions with solution species such as proteins.
Hydrophilic-Hydrophobic Switching -Contact Angle Measurements
Water contact angle measurements provide a convenient measure of interfacial energies as well as providing direct information regarding how hydrophilic or hydrophobic a surface is. Water contact angle measurements provide a direct measure of the forces that can be exploited for moving droplets in microfluidic systems based on active switching of interfacial energies with a tethered PNIPAM film. The expression relating the velocity at which gradients in interfacial energy can be be used to pump fluids through microchannels is given by [4] :
where h is the height of the fluid channel, m is the viscosity of the droplet, L is the length of the droplet, s is the surface tension of the liquid, q is the solid-liquid contact angle, and the subscripts a and r refer to the advancing and trailing sides of the droplet. Eq. 1 suggests that for water, a difference in contact angle of as little as 10 o should be sufficient to move droplets at sufficient velocities to be of interest for microfluidic systems.
Advancing contact angles on a pure azo-initiated PNIPAM film (Fig. 9) show that the thermally-activated phase transition induces pronounced changes in interfacial energies. For tethered films, the contact angle typically increases by around 25 o (from 60 o to 85 o ) as the temperature is increased from room temperature to above the transition temperature. The transition temperature inferred from the contact angle data is around 35 o C. Both the transition temperature and magnitude of the contact angle change are consistent with values reported for PNIPAM films in the literature [10] .
Not only can PNIPAM be used to switch contact angles, it can be used as a component in mixed monolayers to tune the contact angle [29] . In mixed-monolayers containing CH 3 and COOH only (no PNIPAM), the advancing contact angle can be tuned from around 115 o (pure CH 3 ) down to around 30 o (pure COOH). Once PNIPAM is grown on mixed films by attaching azo-initiators to the COOH fraction, the contact angle measured for the "hydrophobic" state at 45 o C exhibits a similar trend with CH 3 mole fraction (Fig. 10) . However, in the presence of PNIPAM, the contact angle can be switched from the "baseline" value to a value that is around 20 o lower by lowering the temperature to below the transition temperature (to 25 o C) regardless of the COOH mole fraction. The ability to both tune and modulate contact angles could be important for a wide range of fluidic applications.
The significant changes in advancing contact angle observed for both pure and mixed monolayers containing PNIPAM were initially promising with regard to applications involving the transport of liquids by switching interfacial energies. Unfortunately, all PNIPAM films exhibit a large hysteresis between the advancing (measured as the film is pushed into water) and receding (measured as the wet film is retracted from water) contact angles. For a pure PNIPAM film, measured values for the receding contact angle are low (around 40 o ) and are independent of temperature. As the driving force for propelling fluids in microchannels is based on the difference between the advancing contact angle on the "hydrophilic" leading edge of a droplet and the receding contact angle on the "hydrophobic" trailing edge, this contact angle hysteresis represents a serious concern for fluidics applications. Our speculation is that this hysteresis arises because there is a low barrier to rotation for functional groups at the end of the PNIPAM chains adjacent to the solution. In air, hydrophobic isopropyl groups are present at the surface, resulting in a surface that is relatively hydrophobic. However, in water the lowest energy configuration is one in which more polar functional groups (such as carbonyl groups) rotate to face the solution, while the isopropyl groups move away from the immediate interface, dramatically lowering the contact angle. Strategies for minimizing the hysteresis (particularly above the transition temperature) could involve the introduction of chain-end modifications (such as modified alkenes) to minimize free rotations at chain ends. Such modifications were not pursued because it was discovered that unmodified PNIPAM films exhibit the ability to switch interactions with solution species such as proteins, opening up a completely new range of applications for PNIPAM in fluidic devices.
Switching of Protein Adsorption
Extensive research on biofouling has shown that water soluble proteins tend to be repelled by hydrophilic surfaces, while such proteins stick to hydrophobic surfaces [7] . Consistent with this trend, it has been demonstrated that PNIPAM-functionalized particles and bulk hydrogels interact more strongly with proteins above the LCST than below it [14, 15] . We performed a series of protein adsorption experiments on our tethered PNIPAM films that have led to the development of an integrated device which functions as a reversible protein trap [30] . The protein adsorption experiments and the protein trap are described below.
The changes in interactions between proteins and surfaces functionalized with PNIPAM can be quite dramatic, as indicated by the ellipsometry data shown in Fig. 11 . At room temperature, the adsorption of large globular proteins such as human serum albumin (HSA) is negligible on a tethered PNIPAM film. The antifouling character of the film is comparable to that of polyethylene oxide (PEO) SAMS [5] . Above the transition temperature, HSA adsorption is extensive. Complete protein monolayers form at rates comparable to those seen on hydrocarbon-terminated octadecyltrichlosilane (ODTS) functionalized surfaces. For large globular proteins such as HSA, complete desorption of the protein is observed on cooling the PNIPAM to room temperature.
More detailed protein adsorption experiments have been conducted on proteins such as myoglobin containing a heme group that can be monitored using UV-visible spectroscopy [31] . UV visible spectra of myoglobin provide a quantitative measure of adsorbed protein concentrations and indicate whether the protein has denatured on the surface. For myoglobin, denaturation results in a characteristic blue shift of the Soret peak from its native position at 408 nm to 395 nm for strongly denatured protein. Fig. 12 shows a series of spectra taken during the desorption of myoglobin from two types of PNIPAM films: an azo-initiated film with a low grafting density and high molecular weight, and a "polymer brush" film with a higher grafting density and lower molecular weight. While both films adsorb a monolayer of myoglobin above the transition temperature, a fraction of a monolayer (up to 25%) is retained on the low graft-density film on cooling. The UV visible spectra.reveal that the irreversibly adsorbed fraction consists of denatured myoglobin. Studies on other proteins suggest that the fraction of irreversibly adsorbed protein varies inversely with protein size (< 1% for HSA (14 x 4 x 4 nm dimensions), 10-15% for hemoglobin (6.5 x 5.5 x 5.0 nm), and 15-25% for myoglobin (4.4 x 4.4 x 2.5 nm). Our interpretation of these results is that for the low graft-density films, collapse of the tethered chains above the transition temperature opens up bare patches that are on the order of 5-6 nm in diameter. Proteins that are smaller than these holes can gain access to the underlying substrate, where they denature and stick. In contrast, UV-visible spectra show that myoglobin does not denature on the more tightly packed "polymer brush" films, resulting in completely reversible adsorption. Use of the "polymer brush" configuration is critical to the performance of reversible protein traps.
"Polymer brush" PNIPAM films have been incorporated into a micro "hotplate" device ( Fig. 13 ) that allows for rapid heating and cooling of protein solutions in small volumes. The device consists of an array of gold heater lines deposited on a thin, freestanding membrane of silicon nitride to provide for thermal insulation from the surrounding Si wafer frame. The membrane and heater lines are covered with a thin layer of silica which provides electrical insulation from the fluid as well as a substrate for the PNIPAM SAM. Fluidic channels are defined above the hot plate with glass spacers and silicon adhesive. Fluids are delivered to the system using capillary tubes connected to syringe pumps. The response characteristics of the fluidics device containing PNIPAM films have been tested by monitoring the adsorption and desorption of fluorescein-labeled myoglobin from static solutions using fluorescence microscopy. Fig. 13 shows successive video images taken for a line that was heated above the transition temperature and then rinsed with a protein-free buffer solution. Fluorescence microscopy reveals that a layer of myoglobin forms only above the heated line. The remained of the surface, which is covered with room temperature PNIPAM, is completely non-fouling. An image taken less than one second after the heater line is turned off shows a plume of myoglobin desorbing from the surface. (The fluorescence intensity of the desorbing plume is higher than the intensity of the initial heated line because the fluorophores do not quench each other to the extent that they do in a densely packed monolayer.) For myoglobin, the desorption process is complete in a few seconds. However, desorption kinetics are protein dependent, with larger proteins such as HSA requiring longer times to desorb and diffuse away from the cooling line.
While the protein trap described above could be used as a reversible on-chip protein preconcentrators, it may be possible to exploit the kinetics of competitive adsorption and desorption to perform on-chip separations. For example, UV-visible spectra obtained on hot PNIPAM films in contact with myoglobin-albumin mixtures (Fig.  14) show that the smaller myoglobin forms a monolayer on the surface in around 30 seconds. However, with longer exposure times (< 10 minutes), the larger HSA eventually displaces the myoglobin to form a relatively pure HSA monolayer. Such results are consistent with literature studies of competitive adsorption on passive surfaces [32] . By programming an array of heater lines and controlling contact times and flow rates, it should be possible to selectively grab either myoglobin or albumin from protein mixtures. Use of an array of such devices could provide a mechanism for performing tasks such as extracting relatively dilute populations of cytokines (small cell-signalling proteins) from albumin-rich serum as part of an rapid screening test to identify persons who have been exposed to chem-bio warfare agents. The protein trap could also see use in a wide range of other applications including on-command drug delivery, proteomics, and (when used to adsorb antibody monolayers) highly selective separations of biomolecules.
Summary
Tethered films of the polymer poly n-isopropylacrylamide (PNIPAM) were synthesized and characterized for their potential as thermally-switchable coatings in microfluidic systems. With PNIPAM films, switching of surface chemistry is achieved by virtue of a thermally-activated swelling transition in water which occurs at a lower critical solution temperature of 30- Unfortunately, most of the techniques used to characterize films had their own unique requirements that dictated different synthesis methods and substrates, precluding head-tohead technique comparisons. Such comparisons will be required to allow us to establish whether the observed differences are due to the materials themselves (grafting density, molecular weight, and substrate interactions), experimental artifacts, or differences in a range of physical phenomena associated with the transition. (For example, substantial contact angle changes may not occur until most of the water is expelled from the PNIPAM, resulting in a higher apparent transition temperature for the contact angle measurement.) Further development of the phase transition models initiated on this project may elucidate the critical parameters that influence the diverse properties measured by the available characterization methods.
Specific applications of tethered PNIPAM films that were investigated included the use of hydrophilic-hydrophobic switching to pump liquids through microchannels and the reversible trapping of proteins for on-chip protein separations. Preliminary experiments indicated that the pumping of liquids may not be feasible due to the large hysteresis observed between the advancing and receding contact angles on PNIPAM in water. However, PNIPAM has been successfully incorporated into a micro-hotplate device that can rapidly adsorb and desorb protein monolayers. For the protein trap application, protein adsorption studies indicate that a "polymer brush" configuration (high grafting density plus low molecular weight) is necessary to prevent irreversible denaturing and adsorption of small proteins. The "polymer brush" micro-hotplate combination is currently being explored for applications in "on-chip" systems for preconcentrating and separating proteins. 3. IFM data obtained on a "polymer brush" PNIPAM film on Si vs. temperature. Left -As the tip approaches the surface, the interaction with PNIPAM is purely repulsive, with the repulsion collapsing into the surface at 26.5oC. Right -Above the transition temperature, adhesive interactions are observed on tip retraction (the region from 200-400 angstroms where the observed force is negative).
4. Left -Cloud point data for PNIPAM chains (molecular weight = 249,000) dissolved in acetone. Right -Chi parameter extracted from the cloud point data using Flory-Huggins Theory.
5. Left -Neutron reflection data for "grafted" PNIPAM chains (molecular weight = 220,000) in D 2 O and d-acetone. Right -PNIPAM density profiles extracted from the NR data.
6. Left -NR data for "polymer brush" PNIPAM films in D 2 O and acetone. Right -PNIPAM density profiles extracted from the NR data.
7. Spinodal curves generated with an output of PRISM calculations for polymer solutions as a function of the number of monomers (N) in the chain. 10. Advancing water contact angles on mixed CH3-COOH SAMS on which PNIPAM was polymerized vs. COOH mole fraction above (at 45oC, squares) and below (25oC, diamonds) the PNIPAM transition temperature.
11. Thickness of human serum albumin film on different substrates as a function of time as measured via ellipsometry.
12. UV-visible spectra of myoglobin desorbing from PNIPAM films. LeftDesorption from a high molecular weight, low grafting film produced via azoinitiation showing the denaturing and irreversible adsorption of a fraction of the adsorbed myoglobin. Right -No denaturing is observed on the "polymer brush" film produced via chain transfer polymerization. 14. UV-visible spectra of protein films adsorbed on PNIPAM above its transition temperature. Protein solutions containing both myoglobin and human serum albumin result in initial adsorption of myoglobin (red curve) followed by the displacement of myoglobin by albumin at long contact times (green curve). 
